As a consequence of climate change, flood and drought events are increasing in frequency throughout the world. Nevertheless, knowledge of the effects on zooplankton estuarine communities is still scarce. The present study aimed to examine zooplankton ecology over two contrasting environmental conditions: regular years and extreme dry years, in a shallow temperate southern European estuary, the Mondego Estuary (Portugal). Monthly samples were carried out during three consecutive years: 2003 characterized as a regular temperate year concerning precipitation and river flow, and an extremely dry period during 2004e2005. The spatial and temporal structure of the biological data was evaluated by a three-mode principal component analysis (PCA), which allowed us to distinguish three distinct ecological areas based on their biological composition and their relationship with hydrologic parameters. The severe drought in 2004e2005 was responsible for spatial shifts in the estuary regarding zooplankton community and interannual variability, with an increase in abundance and diversity during the period of low freshwater flow. This freshwater flow regime influenced the composition of the zooplankton community at the most upstream section of Mondego estuary (zone 3), with a replacement of the freshwater community by one predominantly dominated by estuarine organisms. The occurrence of such estuarine community contributed to the increase in zooplankton abundance which is ascribed to the estuarine species Acartia tonsa. The comparison with previous data obtained for this estuarine ecosystem, demonstrated the occurrence of a different scenario at times of high freshwater flow, being defined the existence of two sub-estuarine systems, the north and south arm, presenting the south one the highest values of abundance.
Introduction
Understanding how climate change will affect the planet is a key issue worldwide (Hays et al., 2005) . Estuaries are relatively shallow coastal ecosystems thus sensitive to environmental parameters and frequently under stress because of human population growth and coastal socio-economic development and can be particularly vulnerable to climate changes. Significant environmental factors that affect the structure (e.g. faunal composition) and function (e.g. secondary production and nutrient cycling) of estuarine systems are expected to be sensitive parameters of global climate change: temperature (e.g. heat waves), freshwater availability, precipitation (e.g. extreme floods and droughts) and runoff (Kennedy et al., 2002) . Increases or decreases in precipitation and runoff may create extreme events, floods or droughts respectively, and are increasing in frequency worldwide (Gleick, 2003; Mirza, 2003) . The influence of freshwater flowing into estuaries on biological processes and ecosystems development has long been recognized (e.g. Attrill et al., 1999; Kimmerer, 2002) . Understanding mechanisms by which estuarine ecosystems respond to freshwater flow should thus yield important insights into the dynamics of these key ecosystems as well as their sensitivity to human intervention and climate variability. Changes in marine ecosystems in response to climate change have been widely documented, and a range of studies have highlighted how plankton (and particularly zooplankton) might be important indicators of change in marine systems (e.g. Mackas et al., 1998; Beaugrand et al., 2002; Bonnet and Frid, 2004; Beaugrand, 2005) . Zooplankton links primary production to fish production, and responds rapidly to ecosystem alterations (Kiorboe and Nielsen, 1994; Hays et al., 2005) which is achieved by the tight coupling between environmental change and plankton dynamics (Roemmich and McGowan, 1995) . Research on the sensitiveness of zooplankton to extreme climate events (e.g. extreme drought) is therefore important as climate influence may disrupt ecological interactions between trophic levels (Molinero et al., 2005) . The purpose of this work was to assess the impact of an extreme drought inducing low flow on the zooplankton community by comparing data from the Mondego estuary for ''normal/regular years''. In recent years several differences in the climate of Portugal have been recorded when compared to the general climate patterns for the period of 1931e1990. There has been a high variability in precipitation [INAGd Portuguese Water Institute (2006) , http:// snirh.inag.pt/ and IMdPortuguese Weather Institute (2006), http://web.meteo.pt/pt/clima/clima.jsp]. The hydrological year of 2004/2005 was considered atypical (severe drought), since precipitation in the Mondego river basin area was 45e60% below average, creating the biggest drought of the twentieth century (http://web.meteo.pt/pt/clima/clima.jsp). Thus a natural experiment has occurred over the time series, providing a unique opportunity to investigate zooplankton ecology over two contrasting environmental conditions, a normal/regular year and an extreme dry year, in a southern European estuary. In addition, we test the applicability of a three-mode principal component analysis (three-mode PCA) that was developed to enable the decomposition of the variance of species in a 3-dimensional matrix, denoting the variation of species in time and space, at a local scale. In the pelagic realm, methods that allow the simultaneous analyses of complex tables are rare. Recently, such method has been applied by Beaugrand et al. (2000) to Continuous Plankton Recorder (CPR) data, in order to investigate long-term changes in the community structure of a pelagic ecosystem. This study also aimed to offer a framework for zooplankton monitoring programmes in southern Europe.
Materials and methods

Study site
The Mondego estuary is located on the Atlantic coast of Portugal (40 08 0 N, 8 50 0 W) and comprises two different arms, north and south (Fig. 1) , with different hydrological characteristics. The north arm is deeper (4 to 8 m during high tide, tidal range about 1 to 3 m) and constitutes the principal navigation channel. The south arm is shallower (2 to 4 m during high tide, tidal range 1 to 3 m) and is almost silted up in the upper zones, forcing most of the freshwater discharge of Mondego to flow out through the northern arm (Pardal et al., 2000; Cardoso et al., 2004) . The south arm constitutes a kind of coastal lagoon in which the water circulation is mostly dependent on the tides and on the freshwater input from the Pranto River (Pardal et al., 2000; Cardoso et al., 2004) . Environmental factors in the Mondego estuary provide a large variety of aquatic habitats for populations of marine, brackish and freshwater plankton species (Azeiteiro et al., 1999; Marques et al., 2006) , mainly due to salinity and water temperature gradients. Previous studies have shown that the upper reaches of northern arm were dominated by freshwater crustacean mesozooplankton like Acanthocyclops robustus and Diaptomus spp. and the cladocerans Daphnia longispina, Ceriodaphnia pulchella and Bosmina longirostris, often being co-dominant . The southern arm was occupied by the resident estuarine copepod Acartia tonsa, which was dominant, being the most abundant taxon. The outer part of estuary was characterized by a neritic community with species such as the calanoid copepods Acartia clausi and Temora longicornis and siphonophores Muggiaea atlantica (Azeiteiro et al., 1999; Marques et al., 2006) .
Biological and hydrological data
Zooplankton was collected monthly in the Mondego estuary from January 2003 to December 2005 (except in June, August and October 2004) at five stations distributed throughout both arms (Fig. 1) . The locations of the sampling stations were defined in order to allow a good spatial coverage of the estuarine ecosystem, ranging from freshwater to marine environment.
Mesozooplankton (adult forms) were collected by subsurface tows using with a 335 mm bongo net (mouth diameter: 0.5 m), equipped with a Hydro-Bios flowmeter. The water volume filtered was on average 50 m 3 . The mesh size used was selected to avoid clogging during the tows, especially at periods of high production and/or re-suspension of particulate matter. After collection, samples were fixed in 4% buffered formalin in seawater. Zooplankton samples were counted (number of individuals m À3 ) and identified to the lowest possible taxon. Water samples for the determination of chlorophyll a (Chl-a, mg m À3 ) and total suspended solids (TSS, mg L À1 ) were obtained in each sampling occasion. Measurements of Secchi disk depth (SDD, m) were also made to estimate water transparency. Environmental factors such as temperature ( C) and salinity were also measured at each sampling stations. Additional information about hydrological measurements and zooplankton collection can be found in Marques et al. (2006) . Monthly precipitation values were measured at the Soure 13 F/01G station and acquired from INAGdInstituto da Agua (www.snirh.inag.pt). Long-term monthly average precipitation was calculated from data collected at the Soure 13F/01G station from 1933 through 2000. Freshwater discharge from Mondego River was also obtained from one INAG station near the mouth of River, for the study period.
Data analyses
The Mondego zooplankton data base, containing a total of 98 taxa, was used to select the most common species (Table 1) having a minimal frequency of occurrence of 0.35 for each sampling station, as already used elsewhere (e.g. Beaugrand et al., 2000) . This cut-off was used to eliminate those taxa having an occurrence falling below that arbitrary-fixed threshold (0.35) in order to decrease the number of zeros in the analyses.
In order to investigate the spatial and temporal variability in the community structure, zooplankton densities were logtransformed, arranged in a three-way table (20 species Â 33 months Â 5 stations) and analysed by a three-mode PCA. This method although rarely used in the field of estuarine plankton ecology, has proved to be useful in zooplankton research (Beaugrand et al., 2000) . This analysis performs a classical PCA in each mode. In this paper, the first mode denotes the species space, the second mode the time, and the third mode the spatial space. Three classical PCA were performed on the three 2-way tables with 20 species (columns) and 33 months Â 5 locations (rows), 33 months (column) and 20 species Â 5 locations (rows), 5 locations (columns) and 20 species Â 33 months (rows) (see details in Beaugrand et al., 2000) . These PCA analyses were performed with CANOCO 4.5 statistical package (ter Braak and Smilauer, 1998) . The species scores of the first principal component of the three different modes were then represented graphically in 2 dimensions, i.e., stations Â months (species mode), species Â station (time mode) and species Â month (location mode) to study the community patterns and their evolution during the study period. A cluster analysis using PRIMER statistical package (version 6.0) (Clarke and Warwick, 2001 ) was computed, composed by the Euclidean distance, in order to group the different variables. Taxa codes used in these analyses are listed in Table 1 .
Non-parametric Spearman rank correlations based on the principal component analysis (PCA) were performed to identify those environmental factors that may have played the most significant role in the variability observed in zooplankton abundance.
Salinity anomalies were calculated from the monthly value of salinity by subtracting the corresponding mean for the given time period, and species richness was defined as the mean number of species per sampling station.
Results
ClimatedPrecipitation
In the Mondego estuary a clear seasonal pattern of rainfall and freshwater discharge was observed during the 3-year period, with the highest values observed in winter (Fig. 2) . In addition, a temporal variability in precipitation was also found. Compared to the mean precipitation regime for central Portugal during 1933e2000 (winter: 355 mm; spring: 224 mm; summer: 47 mm; autumn: 236 mm; sum of monthly values for each season respectively, http://snirh.inag.pt) the year of 2003 corresponded closely to an average precipitation year (winter: 337 mm; spring: 179 mm; summer: 57 mm; autumn: 374 mm). Some below-mean precipitation was evident in 2004 (winter: 177 mm; spring: 123 mm) and in 2005 (winter: 116 mm; spring: 161 mm; summer: 14; autumn: 197) that corresponded to unprecedented low values, causing one of the biggest drought of the twentieth century in Portugal (Fig. 2) . According to the Portuguese Weather Institute (http:// web.meteo.pt/pt/clima/clima.jsp), in these last years drastic , 2005) . These variations of freshwater discharge into the Mondego estuary were clearly influenced by precipitation ( Fig. 2) , showing a highly significant positive relationship for these two parameters (Spearman rank, P < 0.001, r ¼ 0.54). Strong negative salinity anomalies were detected during 2003 (average precipitation year), especially during the winter (Fig. 3) . A completely different scenario was observed in 2005 (extreme drought), where high positive anomalies were observed for the entire estuary and were more pronounced at north arm (stations N1 and N2). The salinity anomalies values exhibited a highly negative significant (P < 0.001) correlation with freshwater discharge. Concerning air temperatures, the three years presented the typical annual pattern for temperate latitudes, with higher temperatures in spring/summer and lower in fall/winter (data not shown). The values, according to the Portuguese Weather Institute (http://web.meteo.pt/pt/clima/clima.jsp), were similar and close to an average year, calculated as the mean of the last 30 years.
Interannual variability 3.2.1. PCA: eigenvectors
From the species ordination plot (68.25% of the total variability) shown in Fig. 4a , and the cluster analysis (data not shown), 20 species or taxa could be delineated into three clusters: Cluster 1, composed of 15 taxa, which occurred more frequently in marine environments; cluster 2, representing species from freshwater environments and; cluster 3 composed of typical estuarine organisms. The first axis of the PCA ordination plot separates cluster 2 and 3 from species such as Temora longicornis and Acartia clausi. Cluster s1 and 3 are opposed to cluster 2 on axis 2. Fig. 4b shows the location ordination plot (78.97% of variability) and the three zones found by the classification analysis. Each zone is characterized by its particular hydrological conditions and biological variables. Zone 1, mouth and middle south arm, is characterized by salty waters, and as a consequence this zone was mainly composed of marine species of cluster 1. Given that tide propagation is greatest in the north arm, it causes a more pronounced daily salinity change on that particular subsystem of Mondego estuary. Additionally, the freshwater discharge into the estuary occurs mainly in the north arm, contributing to the high fluctuation on the hydrological conditions. These conditions were reflected in the distribution and composition of zooplankton at zone 2. Therefore, this zone acts as a transitional one between zones 1 and 3. Although being dominated by species from cluster 1, taxa which belong to clusters 2 and 3 were frequently observed, probably being advected from upstream, particularly in winter/spring, when river discharge was higher (see Fig. 2 ). Zone 3, the upper reaches of the estuary, is characterized by lower salinity values and higher temperatures, being dominated by species related with clusters 2 and 3. The first and the second axis separate zone 3, from both zone 1 and 2. Axis 2 showed also locations of zone 1 to be opposite to zone 2. Concerning Fig. 4c , seasonal patterns were hardly detectable by the analysis of the time ordination and also by the cluster analysis.
PCA: principal component
Fig . 5 shows the results only for the first principal component since it explained the major variability in the species density. For the first principal component time-location (species mode) (Fig. 5a ), a strong monthly variation was observed in zones 1 and 2, mouth and middle estuary, respectively. In zone 3, upper estuary, monthly variability in species densities was much lower. Highest abundances occurred during the last year surveyed, 2005, from August to December, especially in zone 3. During year 2003, low densities were observed from January to July in all study area and in 2004 from August to December. In the first principal component species-time (location mode), species of cluster 2, which were found mainly in the upper estuary, showed a monthly variation that can be translated in higher densities in winter, particularly in 2003 (Fig. 5b) . The first principal component specieselocation (time mode) exhibited a gradient along the study area (Fig. 5c) . Cluster 1, composed of marine species, dominated mainly at the mouth and middle estuary. Although freshwater and estuarine species (cluster 2 and 3, respectively) were more restricted to the upper estuary, they were also found at middle north arm and with much lower densities at the mouth of estuary.
Zooplankton and hydrological parameters
In Table 2 , a comprehensive data set covering both the nondrought (2003) and drought (2004 to 2005) period is available for comparative observation of drought-induced changes in estuarine water physico-chemical parameters. Increases in salinity are particularly apparent during the dry years, for the whole estuary, being more pronounced during winter months. Differences in temperature values were considerable in the upstream stations (S2 and N2); with recorded increases in the winter months and decreases in summer months. More typical values were recorded for the middle and lower reaches of estuary. Chlorophyll a showed a rise in the mean of station S2 owing to an increase during early summer and autumn. A pronounced decrease in latter spring at station N2 resulted in a decrease of Chl-a values. Finally, with the exception of a rise in stations S2, suspended solids showed no marked changes (Table 2) .
In order to understand the spatio-temporal changes in species abundance, correlations between the first principal component time-location and the hydrological parameters were calculated for each cluster analysis zone. For the mouth and middle estuary of the south arm, Spearman correlation analysis show significant correlation with temperature (P < 0.05, r ¼ 0.45), Chl-a (P < 0.05, r ¼ 0.51), TSS (P < 0.05, r ¼ 0.37) and SDD (P < 0.05, r ¼ 0.61) with first principal component scores. A positive relationship between PC1 and salinity was found for the upper estuary (P < 0.05, r ¼ 0.72) and middle north arm (P < 0.05, r ¼ 0.40). In this last zone, however, the correlation coefficient was not so strong. A positive relationship was also found for Chl-a and SDD for both zones. Fig. 6 shows the major spatio-(stations) and temporal (season and interannual) patterns in mesozooplankton species richness in Mondego estuary. Generally, a high diversity was observed in the mouth and middle estuary, zones 1 and 2, respectively, compared to the upper estuary. By analysis of Fig. 6 an increase in species richness values in the upstream areas in 2005 could be observed, particularly during spring and summer.
Interannual monthly changes in diversity
Discussion
The comprehensive data set from the Mondego estuary of mesozooplankton populations and environmental parameters presented here allows a detailed evaluation of the effects induced by severe drought in the mesozooplankton dynamics. The drought period reported here was the most severe recorded in Portugal during recent decades (http://web.meteo.pt/pt/clima/clima.jsp). This allowed the comparison of population fluctuations with those described for the predrought period (Marques et al., 2006) . Furthermore, annual freshwater input into the ecosystem changed significantly during the period of 2003e2005, reflecting the change of the normal climate regime for this region, verified during that period. Although this time series is too short to define long-term trends (Beaugrand et al., 2000; Kimmel and Roman, 2004) , it was still possible to detect some consistent changes in biological and hydrological variables over the study period. 
Consequences of drought events on the zooplankton community
The use of multivariate analysis (cluster and PCA) allowed us to distinguish three distinct ecological areas based on their biological composition and their relationship with hydrologic parameters. The first zone comprises the mouth and middle section of south arm of Mondego estuary where water circulation is predominantly dependent on the tides (Pardal et al., 2000; Marques et al., 2003) . The most representative species of this zone are those grouped on cluster 1, such as Acartia clausi, Temora longicornis, Oithona dioica and Muggiaea atlantica whose occurrence is favoured by the seawater penetration and frequently distributed at the most downstream regions of European estuarine ecosystems (Mouny and Dauvin, 2002; Leandro et al., 2006) . Zooplankton abundance in zone 1 was shown to be significantly positively correlated with temperature, indicating that the abundance of zooplankton organisms depends on its seasonal cycle. The second zone comprises the middle north arm and defines a transition area influenced by tides and by freshwater flow in years of high precipitation. This area is mainly characterized by marine species; however, estuarine and freshwater taxa were also frequently observed, especially during winter/spring of 2003 when river discharge increased. The spatial distribution of the marine assemblages was shown to be related with the high or low level of seawater intrusion. In zone 3, upper estuary, the community was dominated by Acartia tonsa a species characteristic of brackish waters (Escaravage and Soetaert, 1995; Cervetto et al., 1999) . At periods of highest flow a freshwater community was also observed, composed mainly of Acanthocyclops robustus, Diaptomus sp. and the freshwater cladocerans Daphnia longispina, Ceriodaphnia sp. and Bosmina longirostris, as observed in other estuaries with significant freshwater flow (Tackx et al., 2004) . A different scenario was noted by Marques et al. (2006) for this system at times of high freshwater flow. These authors defined the existence of two sub-estuarine systems: the south arm that is dominated by tidal action and freshwater discharges of a small tributary river (Pranto River) and the north arm which is greatly influenced by freshwater discharges from the Mondego River. Additionally, highest densities were found at the south arm possibly as a direct consequence of the low advection effect on planktonic populations compared to the north arm . In the present study, during the dry years of 2004 and 2005 a progressive increase in density and species richness was observed, especially in the north arm. In this period, the extremely low freshwater flow from the Mondego River allowed a major penetration of seawater into the north arm and consequently higher zooplankton diversity. This shift in freshwater flow regime during drought years also influenced the composition of the zooplankton community as described above. At the most upstream sections of the Mondego estuary, namely in the north arm, a replacement of the freshwater community by an estuarine community has been observed during the last two years, highlighting the influence of the recent drought period. The occurrence of an Table 1. estuarine community contributed to the increase in zooplankton abundance which is attributed to the estuarine species A. tonsa. No clear seasonal pattern was defined in this study. A possible explanation for this could be attributed to the abnormal variation in precipitation, especially in winter months as seen during the study period.
Hypothesis of reduced river flow
The reduced river flow, caused by the general evolution of climate conditions (lower precipitation), was the main factor that induced the trend observed for zooplankton densities in Mondego estuary during the period 2003e2006. Advection is regarded as a key mechanism explaining zooplankton distribution and abundance (e.g. Sundby, 2000; Roman et al., 2001; Lindley and Daykin, 2005) . It is well known that the diffusive and advective properties of freshwater discharge play a critical role in the population distribution patterns and richness, as well as in its temporal variability (Licandro and Ibanez, 2000) . This agrees in part with our findings since a negative significant correlation between the abundance of zooplankton and river discharge was observed. Based on such relationship, we can assume that the zooplankton organisms of the Mondego estuary may have been drifted away during higher freshwater flow. During the period reported in this study, river flow was particularly critical for the dominant species Acartia tonsa. This copepod species is a broadcaster spawner, laying its eggs freely on the water column which are consequently more susceptible to advective transport (Kimmel et al., 2006) with implications on the population dynamics in addition to flushing out of other developmental stages (abundance decrease). During dry years, it is possible for A. tonsa to develop from egg to adult without being flushed from the estuary. Likewise, the variability of the advective transport as a consequence of the freshwater flow had significant implications on the zooplankton distribution patterns in this region. With the decreasing trend of river flow are associated variations of hydrological parameters such as salinity and TSS (Castel, 1995) . The high salinity values recorded during the dry period are the result of an abnormal low year in terms of rainfall regime and confirmed by the significantly correlation between salinity and precipitation. Salinity has a strong influence on the distribution of zooplankton organisms (Mouny and Dauvin, 2002; David et al., 2005; Uriarte and Villate, 2005) , and has been considered to be the main factor responsible for the distribution of zooplankton in coastal zones directly influenced by freshwater inputs (Vincent et al., 2002; Kimmel and Roman, 2004; Molinero et al., 2005) .
The apparent positive dependence of zooplankton abundance on the TSS and SDD could be attributed to the significant positive correlation between such hydrological parameters with salinity. At times of low freshwater flow, tidal propagation through estuary brings more organisms to the ecosystem, also promoting sediment re-suspension.
We also found that zooplankton abundance was significantly positively correlated with Chl-a, indicating that the abundance of these organisms was associated with phytoplankton biomass. Some mechanisms have been hypothesised in order to explain the relationship between phytoplankton in terms of Chl-a and zooplankton, including changes in primary production and zooplankton (Durbin and Durbin, 1981; Vargas and Gonzalez, 2004) . It is believed that abundant food in the form of phytoplankton, results in high zooplankton concentrations (Roman et al., 2001) . At the present we do not have estimates of phytoplankton and microzooplankton available as food for zooplankton. From our results, it seems clear that seasonal and inter-annual scale abundance of zooplankton is influenced by food availability given the high Chl-a concentration at the upper estuary but that its implication for zooplankton abundance remains unknown.
Conclusions
Any change in climate will have consequences on the pelagic community and consequently on the functioning of the ecosystems as reported elsewhere (e.g. Castel, 1995; Beaugrand et al., 2002; Chiba et al., 2006; Kamburska and Fonda-Umani, 2006 ). The present study has clearly detected the influence of extreme drought-induced variations in hydrological conditions on zooplankton dynamics in Mondego estuary. These conclusions are crucial for the ecological role played by climate change events on the structure of zooplankton communities. It seems that these findings could have immediate implications deserving attention for the assessment and modelling studies of pelagic ecosystems and biogeochemical fluxes in estuarine/coastal systems, since mesozooplankton play an important role in linking estuarine primary production with fish production (Munk et al., 2003; Kimmel and Roman, 2004) . Nevertheless it is known that 3 years of consecutive data are very preliminary, and more research should be conducted especially to determine further the relationship between climate regime and zooplankton populations. Much longer data series have to be encouraged in this system and elsewhere, as all of this information may help to a better understanding of the zooplankton variability in other temperate ecosystems. On-going plankton monitoring programmes around the world can act as sentinels to identify future changes in marine ecosystems. Crucial to identifying these future changes are the maintenance of plankton time-series and the funding of projects that continue to enhance the unique data sets that these time-series provide. One major difficulty in studying the impact of climate change, like extreme events (e.g. floods and droughts), on any species is to know the degree of adaptability of the life cycle in response to environmental variability (e.g. Hansen et al., 2003) . A relatively simple but rarely possible approach to estimate the adaptability of a species is to study a population over a long period encompassing important environmental fluctuations. To detect, understand and anticipate modifications in pelagic ecosystems induced by climate change, a large monitoring system would undoubtedly be needed.
